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The loss of E-cadherin expression has been implicated in tumor progression to malignancy and transition to metastasis. 8 During this process, E-cadherin downregulation decreases the strength of cellular adhesion within a tissue and promotes cellular motility via signaling events that are not well understood. This in turn may allow cancer cells to cross the basement membrane and invade surrounding tissue. 25 Conversely, increased expression of N-cadherin is associated with greater invasive potential in breast cancer cell lines. 17 The intracellular regions of the cadherins interact with cytoplasmic proteins called catenins (from catena, the Latin word for chain): ␣-catenin, ␤-catenin, ␥-catenin, and p120. 1, 3 Interaction of cadherin-associated ␤-catenin with ␣-catenin promotes actin reorganization and strengthening of cell adhesion. The actin cytoskeleton is also important in cell locomotion and is regulated by either cellcell or cell-extracellular matrix adhesion proteins. 9 The actin cytoskeleton also plays an important role in facilitating the formation of ␤-catenin and in strengthening cell-cell contacts. 2 Defects in catenin expression or function have also been linked to tumor progression and metastasis. Deregulation of ␤-catenin signaling is an important event in the formation of various malignancies, including colon cancer, melanoma, hepatocellular carcinoma, ovarian cancer, endometrial cancer, medulloblastoma, and prostate cancer. 21 Beta-catenin plays a key role in the Wnt/wg signaling pathway 20 (a family of secreted signaling molecules that regulate cell growth and cell fate) and also interacts directly with the tumor suppressor gene adenomatous polyposis coli (APC). 34 The APC gene and ␤-catenin mutations are mutually exclusive. Defects in APC or ␤-catenin function occur in 13% of sporadic medulloblastomas 18 and are thought to account for initiation of the majority of human colon cancers and a minority of melanomas. 26, 30 Beta-catenin has also been shown to function in the decision of precursors to proliferate or differentiate during mammalian neuronal development and may control the generation of precursor cells. 12 The APC gene has been implicated in the development of medulloblastomas in patients with Turcot syndrome. Mutations in either APC or ␤-catenin can result in stabilized ␤-catenin protein. Stabilized ␤-catenin moves from the cytoplasm into the nucleus and complexes with Tcf/Lef transcription factors and regulates the transcription of c-Myc and other genes. Nuclear localization of ␤-catenin, therefore, is a prerequisite for the activation of the signaling pathway. 15 Another catenin known as p120 was originally described as a prominent substrate of the Src oncoprotein. 29 Unlike ␤-catenin, p120 catenin does not bind to cadherin but rather promotes or inhibits cadherin-mediated adhesion by affecting cadherin stability. Both downregulation and upregulation of p120 have been associated with tumor progression. 3 One hypothesis is that p120 promotes cell motility and invasiveness by regulating the activity of Rho family GTPases. 4 
Role of Cadherins and Catenins in Gliomas
The prognosis of patients with gliomas remains poor, in part because the diffuse invasiveness of these tumors limits the effectiveness of local therapies such as aggressive resection. 10 The acquisition of the invasive phenotype of gliomas probably involves alterations in cell-cell adhesion, increases in cell motility, and increases in secretion of proteolytic enzymes. 19 The idea that cell-cell adhesion might be an important factor in invasion stems from the observation that the mutual adhesiveness of squamous cell carcinomas is weaker than that of corresponding normal cells. 13 A loss of E-cadherin correlates with an enhanced invasiveness of epithelial cells; conversely, transfection of epithelial cells or fibroblasts with E-cadherin suppresses their invasion in vitro. 8 These observations have led researchers to investigate the role of the N-cadherin and catenins in gliomas. These studies are summarized in Table 1 .
Using immunohistochemical evaluation of resected tumor tissue, Asano, et al., 6 initially showed that at the time of glioma recurrence decreased N-cadherin expression correlated with tumor invasion and dissemination by cerebrospinal fluid. Subsequently, the same group studied the effects of N-cadherin expression on invasion and metastasis in vitro and in vivo, by overexpressing N-cadherin in the rat C6 glioma cell line, which normally has low levels of N-cadherin. 5 They found that upregulation of N-cadherin resulted in a slightly decreased adhesion to type IV collagen, fibronectin, and laminin and that it decreased adhesion to type I collagen at a level that was statistically significant. Furthermore, increased expression of N-cadherin correlated with a dramatic decrease in invasive behavior in extracellular matrix invasion assays. Last, they found that, in a rat intracranial glioma model, N-cadherin expression inversely correlated with invasion into surrounding tissues, irregular margins, and extracranial invasion. Together, analysis of these data suggests that Ncadherin levels are important to the malignant behavior of gliomas.
Shinoura, et al., 33 examined levels of N-cadherin mRNA and protein and ␣-catenin protein in gliomas and glioblastoma cell lines. They showed that the mRNA levels for Ncadherin and ␣-catenin were significantly higher in glioblastomas than in low-grade astrocytomas or the normal brain, yet the levels of N-cadherin protein were similar in glioblastomas, low-grade astrocytomas, and the normal brain. In contrast to the findings of Asano, et al., 6 there was no correlation between invasiveness and expression of N-cadherin and ␣-catenin in highly invasive tumors compared with minimally invasive tumors. Regarding glioblastoma cell lines, no correlation was seen between the level of N-cadherin expression and cell motility. Shinoura, et al., 33 concluded that, in contrast to the role played by E-cadherin in carcinomas, N-cadherin does not restrict the invasion of glioblastomas.
In another study, Utsuki, et al., 36 investigated the relationship between E-cadherin, N-cadherin, and ␤-catenin expression and tumor grade in astrocytomas. They found that E-cadherin was not expressed, whereas N-cadherin and ␤-catenin immunoreactivity increased significantly with the histological grade of astrocytomas. In anaplastic astrocytomas and glioblastomas, both N-cadherin positive and ␤-catenin positive cases showed greater proliferation (as determined by Ki 67 labeling) than did negative cases. The authors generally concluded that the expression of Ncadherin or ␤-catenin may be related to the biological behavior of astrocytomas.
Perego, et al., 24 investigated the role of N-cadherin and ␤-catenin-mediated adhesion in primary cultured astrocytes and glioblastoma cell lines. Their studies revealed that, rather than altered expression of cadherin-catenin system components, it is the instability and disorganization of cadherin-mediated junctions that is required to promote migration and invasiveness in glioblastoma cell lines. This finding might explain the discrepancy between the previous studies in which investigators studied the role of Ncadherin expression and invasiveness of gliomas.
Future Directions
The role of cadherins and catenins in neural development is beginning to be understood. 11, 12 Beta-catenin seems to K. Barami, L. Lewis-Tuffin, and P. Z. Anastasiadis control the generation of neural precursors in the subventricular zone, 12 whereas p120 catenin has been shown to be enriched in neuroblasts migrating out of the subventricular zone, suggesting a role in neuronal migration during rat brain development. 11 The blocking of N-cadherin function in the neuroepithelial cells has been shown to accelerate the radial migration of early neurons from the ventricular layer. 7 It is possible that these same roles may be recapitulated in the genesis and migration of glioma. It has recently been postulated that the cell of origin of gliomas is a neural stem cell population residing in the subventricular zone that has undergone malignant transformation. 32 The subventricular zone is the largest depot of quiescent neural stem cells in the adult brain, and these cells are held in a tightly compact niche referred to as the "astrocytic ribbon." 31 Zhu, et al., 37 using a transgenic mouse model of gliomagenesis that arises from combined p53 and NF1 mutations, have shown that nearly all astrocytomas are associated with the subventricular zone. Taken together, these data suggest a model in which, after undergoing malignant transformation, neural stem cells migrate into the adjacent parenchyma using the fibers of the corpus callosum as a substrate. On the basis of these observations, it will be interesting to analyze the role of the cadherins and catenins during the malignant transformation of neural precursor cells and their subsequent migration into the parenchyma.
One possible therapeutic strategy would be to create a boundary region with adhesive properties different from its surrounding area, constituting a barrier for the migration of cells with different adhesive properties. In this model, a cadherin-expressing cell would exhibit less of a tendency to leave a neighborhood in which cells express the same cadherin and to move to an adjacent area where cells express a different cadherin.
Summary
The role of cadherins and catenins in gliomagenesis is poorly understood. In this review we summarize the studies performed to date to study this role. The emergence of recent data suggesting the subventricular zone neural stem cells as the cell of origin of gliomas leads to the hypothesis that dysregulation of the cadherin/catenin assembly contributes to the malignant transformation of this cell type, subsequent actin cytoskeleton reorganization, and increased motility and migration of glioma cells into the parenchyma. If this hypothesis is true, a new therapeutic window is opened for targeting key regulators of cell adhesion and motility.
